Summary: Two-dimensional studies of cortical blood flow were conducted in 20 closed head injury patients in a comatose state and subsequently in 9 patients as they re covered to an awake and responding state. Comatose pa tients showed a reduction of frontal flow compared to the resting pattern observed in age matched normal volun teers. In most patients the normal anterior-to-posterior flow gradient was reversed. Increases in global flow, while in coma, tended to exaggerate this reversal. Pa tients who survived showed a normalization of the re gional flow pattern as they regained consciousness. The Cerebral blood flow studies in acute head injury have reported great variability in global (mean) flow levels measured in the comatose state, both across patients and within patients undergoing se rial examination (Obrist et al., 1984) . We conducted a series of CBF studies, using the xenon-133 inha lation technique, on head injured patients to char acterize the regional pattern of flow concomitant with the comatose state, and to examine the changes in these flow patterns in the recovery of consciousness.
METHODS
Regional cerebral blood flow (rCBF) studies were con ducted in 20 closed head injury patients (mean age 23 ± 6 years) in a comatose state and subsequently in 9 of these patients as they recovered to an awake and responding state. The Glasgow Coma Scale, based upon eye open ing, verbal, and motor responses, was used to judge the level of consciousness in all patients (Teasdale and Jen nett, 1974) . Coma, in this study, was defined as a Glasgow Coma Scale score �7.
Patients included in this study had suffered diffuse marked reduction of frontal blood flow in the comatose state was independent of locus of injury as determined by computed tomography (CT) scan data. Combined with previous CBF studies of sensory and cognitive activa tion, these findings suggest that frontal reduction may be a nonspecific effect of any state or condition involving reduced directed mental activity. This, in turn, raises questions about recent interpretations offered for frontal CBF reduction in psychiatric disease. Key Words: Coma -Cerebral blood flow closed head trauma: Eighteen were involved in motor ve hicle accidents and two had fallen from a substantial height. Patients in coma due to gunshot wounds were not included. All patients underwent computed tomography (CT) scans at admission to the hospital. The baseline rCBF studies were conducted within 72 h of the accident. All patients were intubated and on me chanical ventilators at the time of their first study. All were hyperventilated to reduce blood volume and pre vent high intracranial pressure (ICP) due to diffuse swelling. Ventilation parameters (rate, volume, 02) were determined by pulmonary status and by the arterial CO2 level (Pac02) necessary to maintain ICP at or below 15 mm Hg.
Subsequent CBF studies, conducted at several stages of recovery in most surviving patients, involved testing some patients who had clinically required changes in ventilation rates. All patient studies reported here were conducted while patients were still intubated, thus avoiding any problems of air passageway/sinus cavity ar tifact that can arise from the administration and collec tion of xenon gas tracer through a facemask.
Nine normal volunteers (age 25 ± 7) underwent rCBF scans in an awake and resting state using the same de tector array used for the patient studies. The rest state was more carefully defined than is typical in many rCBF protocols by monitoring the electroencephalogram (EEG) and waiting for at least 20% sustained alpha activity in the spectral EEG analysis before commencing the scan. Subjects kept their eyes closed and were asked to relax after having adapted to the testing equipment.
Regional CBF was measured with the xenon-B3 inha lation technique (Obrist et al., 1975) using a Novo 32 C Cerebrograph modified to study ventilated patients through the use of a dedicated ventilator integrated into the xenon administration and collection system. All pre scribed respiratory parameters, including rate, tidal volume, oxygen ratio, and expiratory pressure were thus maintained for each patient during measurement of rCBF. A xenon-l33 gas/air mixture was administered for 1 min through a ventilator to the comatose patients and through normal breathing in the volunteers and "recovering" (but still intubated) patients. The concentration used was 7 mCilliter for patients and 5 mCi/liter for control subjects. The higher dose used for patients was necessary to assure adequate counting statistics in the face of low blood flows. The arrival and clearance of the xenon gas in cor tical tissue was monitored for 11 min by 32 scintillation detectors positioned in a radial array about the cerebrum by a helmet system (Prohovnik et aI., 1983a) .
Curve fitting and flow rate analysis were performed by an on-line computer using a time domain 2-compartment, 2-artifact model (Prohovnik et aI., 1983b) . Head position was kept consistent through the use of a four projection light system that aligns the helmet-probe assembly using the auditory meatuses and outer canthuses as landmarks.
Although all standard indices of flow were calculated, the measure used in our analysis was the initial slope index (Risberg et aI., 1975) . This noncompartmental index of combined gray and white matter flow is more stable under pathological/low flow conditions than in dices that attempt to separate the two flow rates through biexponential analysis of the clearance curves. The initial slope index is nevertheless highly dominated by gray matter flow since it is a measure of changes in the initial part of the curves. Its normal regional distribution has been well documented and is very similar to gray matter flow. We also report global (mean) flow using the CBF15 index (Obrist and Wilkinson, 1979) so that comparison can be made to several reports using this index.
RESULTS

Initial studies (comatose)
Mean flows for the 20 patients in coma spanned a large range, as shown in Fig. 1 . Compared to the range in normal flow values (corrected for arterial PaCOZ) 11 patients showed reduced flows, 8 had flows in the normal range, and 1 had flows above normal. (The relationship between CO2 levels, blood flow, and issues of ischemia and hyperemia have been discussed by Obrist et al. (1984) and Since our goal was to examine changes in re gional patterns rather than fluctuations in global flow, flow values calculated for each detector posi tion in each study were expressed as percent devia tions from the hemispheric mean flow for that study. Thus, a regional landscape was obtained for each study that could be directly compared with other studies, independent of overall fluctuations. Figure 2 shows the mean regional pattern for each hemisphere obtained for the normal volunteers. The regional pattern observed, characterized by greater than mean flow in frontal regions and less J Cereb Blood Flow Metab, Vol. 7, No.1, 1987 than mean flow in posterior regions, is consistent with previously published reports and is often re fe rred to as the normal "hyperfrontal" pattern (Ingvar, 1979; Prohovnik et al. , 1980) . All comatose state studies showed an abnormal regional pattern of flow compared to this normal resting pattern as all the blood flows recorded in coma showed a re duction in relative frontal flow. In most patients there was a reversal of the normal anterior-to-pos terior gradient. Figure 3 shows the mean regional pattern for each hemisphere obtained for the initial study of all 20 patients. Both hemispheres showed a shown on the right are calculated from five detectors in each outlined region. The mean of within subjects front-back dif ferences was + 6.4 (± 6.0) percent. Detector shading and regional level calcula tion is as in Fig. 2 . The mean of within subjects front-back differences was -8.5 (± 6.8) percent.
redistribution of the relative flow rates in the ante rior and posterior regions. Most CT scans showed diffuse swelling, as indi cated by reduction of ventricular dimensions, and some showed contusions. Overall, there was evi dence of intraventricular blood in seven patients. Lesions involving the basal ganglia were found in five patients. Twelve patients had some CT evi dence of frontal injury, including three hematomas, two of which were evacuated upon admission prior to any CBF studies. Nine of the patients with frontal lesions also had lesions in more posterior areas, including an occipital hematoma. Of the eight patients without CT evidence of frontal injury, all but one had CT evidence of posterior lesions, including one temporal-parietal and two parietal hematomas, one of which was evacuated. A sepa rate CBF pattern for the eight patients without any CT evidence of frontal lesions was calculated and is shown in Fig. 4 . Note that it shows the same pat tern (reversal of the anterior-to-posterior gradient) seen in the overall group of coma patients.
Intermediate studies
We were able to follow seven patients during changes in their global flow rate while still in coma. All showed increases in global flow as hyperventi lation rates were reduced and arterial CO2 levels al lowed to rise. Regional analysis showed that rela tive frontal reduction became more exaggerated as mean flows increased, i.e., flows in posterior re gions increased to a much greater extent than did those in the front as global flow increased. Figure 5 compares the relative anterior and posterior flow rates in coma during two different global flow con ditions in the same patients. 
Follow-up
Four of the patients died and four remained vege tative at last follow-up (6 months postaccident). Five of these patients had been among the 12 pa tients with either reduced (ischemic) or higher than normal (hyperemic) global flow rates during the ini tial coma study. No relationship was observed be tween the extent of the anterior-to-posterior gra dient reversal in coma and outcome. Twelve pa tients recovered enough to achieve a Glasgow Coma Scale score of 9 or above. Blood flow scans were performed on nine patients within 72 h of reaching this level of consciousness (average of 8 ± 5 days postinitial study). These patients were still intubated at the time of these follow-up scans, thus avoiding any changes in the administration and measurement procedure. Figure 6 shows the mean regional pattern for the patients emerging from coma. (n = 9). Detector shading and regional level calculation is as in Fig. 2 .
Statistical analysis
An analysis of variance (ANOYA) was performed using absolute (not normalized) blood flow values from the initial comatose studies, the studies of pa tients emerging from coma, and the normal control studies. A 3 (groups) x 2 (regions: front and back) x 2 (hemispheres) ANOYA was performed. This yielded a main effect for groups (F = 10.58; df 2,35; p < 0.0003) reflecting the mean flow differences be tween groups. The ANOYA also yielded a groups by region interaction (F = 19. 52; df 2, 35; p < 0.000 1). Figure 7 shows both the main effect and the interaction. Left and right regional values were averaged since within group hemispheric differ ences were not significant (within group left and right hemisphere mean flows were, in fa ct, almost identical).
DISCUSSION
The pattern of cerebral blood flow in comatose patients is very different from that fo und in normal controls. This difference is most consistent and ro bust along the dimension of the anterior-to-poste rior gradation in flow in each hemisphere. The normal hyperfrontal pattern is absent in coma and reappears only when a patient becomes responsive. Most coma patients show a profound "hypo frontal" pattern, where fr ontal flow is substantially lower than flow in posterior areas of the brain. The hypofrontal pattern was observed independent of mean global flow values, which fluctuated consid erably across patients. This reversal of the normal gradient became more exaggerated, however, when global flows went up in some patients while still in coma. Although we did not observe any relationship be tween the extent of CBF gradient reversal and out come, we noted a greater tendency for those pa tients with extreme initial flow measures (either high or low as indicated in Fig. 1) to either die or remain vegetative. Fieschi et al. (1972) reported data suggesting a negative prognosis for comatose patients with consistently high mean CBF. Though not inconsistent with that evidence, our study in cludes patients with poor outcomes from each cate gory of overall flow. We must stress, however, that our study was not designed to address these issues, which would require an almost continuous moni toring of acute stage global flow levels.
The range and fluctuations in global flow ob served are consistent with the reports of Overgaard and Tw eed (1974) and Obrist et al. (1984) on coma patients. Obrist also reported, as an incidental finding, a reversal of the regional flow gradient in 11 patients in a study following 30 head injured co matose patients (Obrist et aI., 1983 ). There are sev eral possible reasons why this pattern was noted in only 37% of his patients. Most of Obrist's subjects were studied within 24 h of the accident, a time when there may be considerably more instability in flow. Another possibility is that his subjects in cluded more patients with severe fo cal damage. Fi nally, Obrist's measurements used 8 probes per hemisphere in two parallel arrays, whereas our studies utilized 32 probes positioned in a radial array. We have conducted several studies of coma patients using a bilateral parallel array of detectors. These did not show nearly as profound a fr ontal re duction as that typically observed with the radial geometry, probably because of their very tangential view of the frontal lobes.
Because a large number of head injury patients have frontal lesions, one could suspect that the frontal CBF reduction observed in coma is due to greater structural damage to the frontal lobes. However, the eight comatose patients in our study who had no CT evidence of fr ontal damage showed as profound a reversal in CBF gradient as the pa tients with such injuries (Fig. 4) . In addition, we saw no evidence for a corresponding "accentua tion" of the normal hyperfrontal pattern in the co matose patients with CT lesions confined to poste rior cerebral regions. Of course, we cannot pre clude the existence of frontal damage not readily evident on CT scan, such as white matter shearing and, indeed, there is evidence from magnetic reso nance imaging that some head injured patients have more abnormalities (in both number and volume) than is seen by CT methods (Gandy et aI., 1984; Levin et aI., 1985) . However, the reversibility of the frontal reduction, which is related to the end of coma, coupled with the lack of a relationship be tween CT documented lesion site and extent of the CBF gradient reversal, makes it doubtful that the phenomenon is specific to structural pathology.
Frontal flow typically increases during cognitive tasks, especially those involving vigilance, directed attention, and decision making (Risberg, 1980; Pro hovnik et aI., 1980; Deutsch, 1983) . It has also been reported that areas in the frontal lobes show the greatest reduction in non-REM sleep, in which the rCBF landscape is more homogeneous than in the resting wakeful state (Townsend, 1973) . Frontal flow in normal subjects is therefore related to the gen eral level of cognitive activation and level of con sciousness. The hypofrontality observed in the co matose state may be the result of a total lack of attentionallcognitive processes involving fr ontal areas. The blood flow gradient change induced by this lack of activation may be fu rther exaggerated by some minimal activity in the posterior sensory areas, due perhaps to the passive sensory stimula tion of the patient's immediate environment. Re duction of frontal flow relative to the rest state has been demonstrated during simple sensory stimula tion in which blood flow increases in the posterior areas of the brain (Deutsch et aI. , 1986) .
Combined, these studies suggest that frontal re duction may be a general effect of any state or con dition involving reduced directed mental activity. This, in turn, raises questions about interpretations offered for CBF findings in several disease states, particularly in psychiatric disease, in which investi gators claim frontal involvement in schizophrenia based on frontal CBF reduction (e.g., Weinberger et al., 1986) and lowered glucose utilization (Buchsbaum et aI. , 1984) . Frontal reduction in CBF has indeed been observed in a number of disease states, including in depressed patients undergoing electroconvulsive therapy (Risberg, 1980) , in schizophrenia (Ingvar and Franzen, 1974) , in Pick's disease (Gustafson and Risberg, 1979) , and in more severe cases of Alzheimer's disease (Frackowiak et aI., 1981) . In some of these it may very well reflect pathology within frontal lobes or associated struc tures. However, interpretation of such findings must be tempered by the general lack of disease specificity to frontal reduction and the emerging ev idence that frontal flow dramatically reflects level of directed mental activity.
